This article reviews the current status of the movement primitives problem, especially the question of their description and identification, and points out some challenges which remain unsolved by the approaches frequently adopted to study human movements. We use the framework of the kinematic theory proposed by Plamondon (1995 and as an example of a hybrid model that allows a precise and flexible quantitative description of human movements. It is shown that the theory can be used to encompass the various types of rapid movement encountered in the field. The principal aim of this article is to highlight the fact that the notion of movement primitives should not necessarily be confined to movements with a single velocity peak, as is still often assumed in many models. The model allows, for example, a simple description of a movement primitive, which might contain up to two direction reversals.
The idea of movement primitives has been the subject of intense investigation, as well as a source of high hopes with regard to the possible simplifications that this concept could allow in complex movement analysis. Without conducting an exhaustive review of the subject, we can state that it has been explored in diverse fields of motor control research, such as: the speed-accuracy trade-off in rapid-aimed movements (Meyer et al., 1988 (Meyer et al., , 1990 , and the pioneering work by Woodworth, 1899) ; motor control learning in early childhood (Fagg et al., 1998; Berthier, 1996) and with adults (Burdet & Milner, 1998) ; and motor control segmentation resulting from various health problems such as Parkinson's disease (Teulings & Stelmach, 1991; Stelmach et al., 1989) and stroke (Krebs et al., 1999 , Rohrer et al., 2002 ; as well as in the analysis of handwriting (for example, Morasso & MussaIvaldi, 1982; Plamondon & Guerfali, 1998) . The concept of movement primitives implies that complex movements are in some way a combination of simpler basic movements, the properties of which are more or less invariant, and have, for example, an asymmetrical bell-shaped velocity profile. These building blocks are thought to represent the automatic part of movement execution, as opposed to the more complex voluntary action involving visual feedback to control the movement intermittently or continuously. Although there is still debate as to the extent of the analytical separation between the simple and complex movements (Prochazka et al., 2000) , there seems to be some consensus about the empirical existence of such primitives. The hypothesis is consistent with various observations regarding motor control, such as stereotyped movements (for example, Morasso, 1981) or movement segmentation (the origin of which is currently a subject of discussion; see, for example, Richardson & Flash, 2002; Sternad & Shaal, 1999; Schwartz & Moran, 1999) . Moreover, some recent studies suggest that instructions for simple voluntary movements can be stored and released involuntarily after a startle stimulus, implying the possibility of a preprogramming similar to the reflex mechanisms (Valls-Solé et al., 1999 and Rothwell et al., 2002) .
A formal proof of the existence of primitives is still lacking, however, and some issues regarding their very nature, and their extraction from complex movements, also remain to be solved. One of the important issues that must be addressed to prove (or disprove) their existence is a clear definition of what constitutes a movement unit. In this article, we use the kinematic theory and its deltalognormal model (∆Λ) to show how it could be used for a better characterization of movement primitives and, ultimately, their analysis. While we focus on the kinematic aspects of movement, the model is not restricted to the description of the speed profile. It has been shown previously that it can be applied to kinetic analysis as well (Plamondon, 1998) .
Trends and Challenges in Movement Primitives Research
The origin of movement primitives and the best way to analyze them are still open problems that are being approached from diverse points of view. Some authors associate them with a segmented control of movements (Burdet & Milner, 1998; Meyer et al., 1988 Meyer et al., , 1990 Flash & Henis, 1991; Henis & Flash, 1995) , often combining them with a motor control strategy such as an optimization principle based on movement smoothness (for example, Flash & Hogan, 1985 or Uno et al., 1989 or system equilibrium (Bizzi et al., 1992 , and Feldman, 1966 . For others, the movement primitives represent a nonlinear phenomenon emerging from within limb kinematics (Sternad & Shaal, 1999) or an optimal policy arising in a noisy system with a feedback delay (Kositsky & Barto, 2001) . In general, the apparent divisions between the various tendencies in the analysis of primitives can be linked to the degree of abstraction ascribed to the underlying causes of movement characteristics (Krampe et al., 2002) . For example, although the velocity profile has been the subject of numerous theoretical debates and a few comparative experiments, there still is a lack of agreement on the selection of one representative function over another to describe it (Schmidt & Lee, 1999) .
Similarly, the use of optimization principles still raises questions (Engelbrecht, 2001) , as do the assumptions on which they are based, namely, that primitives correspond to straight-path trajectories and that they have smooth, symmetrical velocity profiles. Regarding the former, it seems that a straight physical path is less important in movement planning than in the actual perception of moving in a straight line (Flanagan & Rao, 1995; also Wolpert et al., 1994) . As to the latter, the symmetry of the velocity profile should certainly not be taken for granted, as it is the exception rather than the rule (Plamondon et al., 1993; Feng et al., 2002) . Moreover, movement smoothness can also be caused by the intrinsic filtering properties of muscles (Krylow & Rymer, 1997) . Various optimization principles are used for primitive analysis for practical reasons: their formulation is usually more explicit than that used by other models, especially those dealing with the nonlinearity of dynamic systems and their emergent properties. Some studies simply use a bell-shaped symmetrical function scaled to fit the various sub movements (the shape remains constant-see Burdet & Milner, 1998 for an example). A Gaussian is often chosen "for simplicity." The ultimate pragmatics simply count the number of velocity peaks in a movement.
In this article, we show how the kinematic theory and its ∆Λ model can be used as an explicit simple movement generator, which is easy to apply, strongly representative of existing data, and justifiable on a theoretical level. The next section contains a general overview of the theory and its implications, while in the section "Possible Types of Movement Primitives According to the ∆Λ Model," the types of primitives that it can describe are presented.
The Kinematic Theory
A possible approach to the neuromuscular system that has been given little attention until recently is its structure in terms of parallel and serial connections. As has been shown by Luce (1986) in the field of reaction times, even a rough approximation of a system structure, when it is formalized mathematically, greatly bounds the range of its possible behavior. Conversely, a precise description of a system behavior allows some insight into the fundamental characteristics of its networks. This approach, applied to the motor control of rapid movements, is at the root of the ∆Λ model. A few years ago, Plamondon developed a kinematic theory (see Plamondon, 1995 and , which describes simple rapid movements with negligible feedback as the output of a synergy made up of two neuromuscular systems, one agonist and the other antagonist (see Figure 1 ). According to a proof based on the central limit theorem (Plamondon, 1995; Plamondon et al., 2003) , and under some very general conditions, each of these systems can be represented as a large number of hierarchically coupled linear subsystems. They are assumed to have both parallel and serial connections. The global asymptotic impulse response of each neuromuscular system, which emerges from the timing properties of the connected structures of the networks, converges towards a lognormal function. In this context, the combined output of the agonist-antagonist synergy, as expressed in terms of speed, corresponds to:
( 1) where D 1 and D 2 represent the amplitude of the impulse command input to the agonist and the antagonist systems, respectively. Their difference (D 1 -D 2 ) describes the distance covered by the movement (Plamondon, 1995) . The impulse response of each system is a lognormal function: (2) with t o the time occurrence of the input commands; σ i the log response time, a shape parameter; and µ I the log time delay, a scale parameter. A delta-lognormal simulating a typical velocity profile for a fast hand stroke of 15 cm is displayed in Figure 2 . According to the model, a pair of input commands (D 1 and D 2 ), acting synergistically at time t o on the agonist and the antagonist neuromuscular systems, shapes the velocity magnitude of a rapid movement. The feed-forward synergetic neuromuscular response to this pair of commands can be defined as a primitive, a movement building block. Each neuromuscular system composing this synergy is made up of numerous subsystems having proportional timing properties. As long as this is true and the two systems are acting as an agonist-antagonist pair, they can be used to represent a single-or multijoint movement primitive. This is in accordance with the observation that the timing properties of multijoint movements are consistent with those of single-joint movements (Gabriel, 1997, and Scott, 1997) .
The theory has been shown to accurately describe various kinematic relationships, such as the speed-accuracy trade-off (Plamondon & Alimi, 1997) , and it can also be used to describe more complex movements such as 3D movements (Leduc & Plamondon, 2001 ) and handwriting (Plamondon & Guerfali, 1998) . In the latter case, a complex movement is represented as the vectorial sum of several ∆Λ velocity profiles, each being seen as a basic unit or primitive.
As discussed earlier in the "Trends and Challenges" section, the identification of primitives is still a problem. It has been demonstrated, using about 4,000 handwriting strokes (Alimi & Plamondon, 1996 Plamondon, 1995 Plamondon, , 1998 Plamondon et al., 1993; Feng et al., 2002) , that the ∆Λ function allows a more precise fit on individual velocity profiles of rapid movements (as opposed to several studies using mean velocity profiles in their analysis). The model outperforms more than 30 other functions commonly used (Gaussian, minimum jerk, etc.). Thus, from a strictly practical point of view, the use of the ∆Λ model should enhance the analysis of movement primitives.
In addition, as has been mentioned earlier, the ∆Λ function is an elementary entity, the basic shape of which emerges through the timing structure of the neuromuscular connections. This entity is controlled by a pair of abstract commands, D 1 and D 2 , which control the distance covered by the movement. It is fine-tuned according to the current neuromuscular state (parameters σ i and µ i ), which could be preprogrammed according to a particular control strategy or optimization principle. The movement time can also be controlled by the quantity D 1 /D 2 under certain circumstances (Plamondon, 1995) . The importance of each level of parameters, commands, or timing characteristics can change depending on the context. In addition, as will be seen below, the model can describe several types of velocity profiles, providing a detailed quantitative analysis of a large set of movement characteristics and their control strategies.
Possible Types of Movement Primitives According to the ∆Λ Model
In this section, we present five different movement templates that could be used in primitive analysis. These five types of velocity profiles can be easily modeled by the ∆Λ function and have been observed with various frequencies in previous studies dealing with fast hand strokes (Plamondon et al., 1993; Plamondon & Alimi, 1997; Alimi & Plamondon, 1994 , 1996 . Figure 3 shows a schematic representation of these five potential velocity profiles. In this figure, for practical visualization purposes, and to be consistent with many papers previously published in the field of simple rapid movements, we have used a signed representation of the velocity magnitude or tangential speed to highlight the small direction reversals that often occur in basic unidirectional movements. Here, a positive velocity refers to a movement in the required direction, that is, the direction of the agonist activity. Each velocity profile can be described by a single ∆Λ function, allowing an analysis in terms of a movement generated by a single pair of commands. Next to the velocity profiles, we have included graphical representations of the various trajectories produced.
Profile A is a simple, asymmetrical, bell-shaped curve corresponding to a trajectory with a unidirectional path. Up to now, this has been the kind of profile most often used to represent a movement primitive. It is characteristic of a ballistic, very fast movement, where both the agonist and antagonist actions are finely balanced to achieve smoothness. Profile B presents a direction reversal at the end of the movement. In our signed representation kinematics, the exact moment when the direction is reversed corresponds to a zero velocity. In this profile, the antagonist action dominates the movement towards its end, resulting in a glitch in the movement trajectory. Profile C is similar to that of B, but its antagonist action is eventually outweighed again by that of the agonist. In these two latter profiles, the antagonist action begins after that of the agonist. The extent of the brief oscillation at the end depends on the command amplitudes and the timing properties of the two neuromuscular systems. For example, an increase in the agonist log response time σ i can flatten the agonist component of the velocity profile, allowing a direction reversal resulting from the antagonist component. This flattening also increases the duration of the agonist response, however, and can be responsible for its dominance over the antagonist action at the very end of the movement. The oscillation can be involuntary, but preliminary observations suggest that well-trained individuals can control its occurrence and amplitude. The D and E profiles have a common property: the antagonist action starts earlier than the agonist activity at the beginning of the movement. A possible reason for this could be a log time delay µ 2 , which is shorter than µ 1 . Both movements start with a glitch, but, while the D movement ends without further oscillation, the E movement presents another oscillation at its end. For this last profile, the antagonist system has to be activated for at least as long as that of the agonist (which can be achieved by increasing the value of σ 2 relative to σ 1 ), while for all the other stroke templates it is possible for the antagonist activation time to be shorter.
A detailed study of the circumstances and possible motor control strategies that favor the use of one profile over another has yet to be conducted. The principal aim of this article is to highlight the fact that the notion of primitive movements should not necessarily be confined to movements with a single velocity peak (profile A), as is still often assumed in many models. The kinematic theory can be used to go beyond this oversimplification and to quantitatively describe a greater variety of ballistic movements. This is consistent with the observation that fast movements with a direction reversal are not necessarily generated by a sequential superposition of two pointing movements (as would be assumed by single-peak models), but constitute a separate entity of their own (Gottlieb, 1998 ) with a specific pattern of EMG agonist-antagonist activation.
To summarize, using different sets of parameter values, the ∆Λ model can be applied to characterize precisely-in terms of a single synergy composed of a two neuromuscular networks having different timing properties-any movement containing up to two reversals in direction or in the "signed" velocity profile. This property could be used to effectively simplify the description of more complex movements, resulting in a description based on fewer primitives as compared to the representation provided by most models, particularly those using singlevelocity peaks for primitive representation (and the need to add up to two corrective submovements to describe these patterns).
Conclusion
In this study, we have presented some challenges regarding movement primitives and linked them to the ∆Λ model. The two major difficulties appear to be identification of movement primitives and determination of common ground for the various interpretations they inspire. These two problems can be addressed using the kinematic theory. While based on a mathematically robust proof (Plamondon et al., 2003) , the ∆Λ model allows different levels of interpretation regarding the motor control of rapid movements: it can be used to describe basic motor command features, as well as neuromuscular characteristics of the response to these commands. A unique feature of the model is its ability to describe up to two reversals in movement direction as being part of a single movement primitive. This provides a concise representation of a single-or multijoint system using a neuromuscular agonist-antagonist synergy responding to a command. It demonstrates the possibility that a diversified set of primitive movement templates can be achieved within a very simple system by varying its temporal properties, as well as the command amplitudes. Further research is ongoing to establish the experimental conditions necessary to observe these different types of simple movements. This, combined with a ∆Λ analysis, should allow us to achieve a better understanding of the way these simple movements could be concatenated to create more complex gestures.
